Systemic emboli released during total knee replacement have been implicated as a cause of peri-operative morbidity and neurological dysfunction. We undertook a prospective, double-blind, randomised study to compare the cardiac embolic load sustained during computer-assisted and conventional, intramedullary-aligned, total knee replacement, as measured by transoesophageal echocardiography. There were 26 consecutive procedures performed by a single surgeon at a single hospital. The embolic load was scored using the modified Mayo grading system for echogenic emboli.
Systemic emboli released during total knee replacement have been implicated as a cause of peri-operative morbidity and neurological dysfunction. We undertook a prospective, double-blind, randomised study to compare the cardiac embolic load sustained during computer-assisted and conventional, intramedullary-aligned, total knee replacement, as measured by transoesophageal echocardiography. There were 26 consecutive procedures performed by a single surgeon at a single hospital. The embolic load was scored using the modified Mayo grading system for echogenic emboli.
Fourteen patients undergoing computer-assisted total knee replacement had a mean embolic score of 4.89 (3 to 7) and 12 undergoing conventional total knee replacement had a mean embolic score of 6.15 (4 to 8) on release of the tourniquet. Comparison of the groups using a two-tailed t-test confirmed a highly significant difference (p = 0.004).
This study demonstrates that computer-assisted knee replacement results in the release of significantly fewer systemic emboli than the conventional procedure using intramedullary alignment.
Systemic embolic phenomena are well recognised during total knee replacement (TKR). [1] [2] [3] [4] [5] [6] They are widely believed to be the cause of intra-operative hypotension and reduced cardiac output, which may lead to circulatory collapse and sudden death. [7] [8] [9] Emboli have been variously described as consisting of elements of marrow, 2, 3 thrombus, 1 fat 2, 10 and bone particles 11 released during preparation of the femur and tibia.
The advent of transoesophageal echocardiography (ECG) has enabled the monitoring and quantification of these emboli, and some studies have confirmed that techniques of extramedullary alignment result in a reduced cardiac embolic load compared with intramedullary methods. 3, 5 Other studies, however, have found no difference 4, 6 and suggest that the emboli are composed of venous thrombus caused by tourniquet-induced venous stasis. There have also been concerns about the accuracy of existing methods of extramedullary alignment, 12, 13 as a result of which most surgeons continue to use intramedullary alignment rods when performing TKR.
Computer-assisted navigation in TKR is becoming more popular and has several potential advantages over conventional procedures. There is considerable evidence in the literature that computer navigation results in greater accuracy and reproducibility by way of improved alignment and control of rotation. [14] [15] [16] There is also evidence of a significant reduction in peri-operative blood loss compared with conventional techniques. 16, 17 Computerassisted TKR is performed without the use of intramedullary alignment rods and potentially may result in fewer embolic complications. This prospective study was designed to compare the cardiac embolic load during both computer-assisted and conventional TKR.
Patients and Methods
After approval by the local ethics committee, patients awaiting primary TKR for osteoarthritis were invited to take part in the study. Exclusion criteria included a history of inflammatory arthritis, previous femoral instrumentation, thromboembolic disease and an oesophageal disorder. Informed consent was obtained from 26 consecutive patients who met the criteria and who were subsequently blinded as to the method of their knee replacement.
Immediately before surgery the patients were randomised to undergo either conventional TKR using intramedullary alignment or computer-assisted TKR. Randomisation was achieved using a computerised random number generator (Microsoft Excel, Red-mond, Washington). All procedures were performed with the use of a tourniquet, applied to the thigh to a pressure of 350 mmHg. The tourniquet was inflated prior to antiseptic preparation of the skin and deflated after closure and dressing of the incision in all cases. The patients did not receive peri-operative thromboprophylaxis.
All patients were given a general anaesthetic and underwent endotracheal intubation before the insertion of a 5 mHz multiplane transoesophageal ECG probe (Sequoia Echocardiography Platform C512, Siemens, Munich, Germany). Continuous recordings from the right atrium and ventricle began just prior to inflation of the tourniquet and continued until five minutes after the tourniquet was deflated. The exact times of tourniquet inflation, femoral breach, tibial breach, first cementation and tourniquet release were recorded to assist in identifying the cause of any embolic 'showers' which were seen.
All operations were carried out by the senior author (GCJ). All patients received the same cruciate-retaining prosthesis (distal cut Genesis II, Smith & Nephew, Memphis, Tennessee) and the patellae were not resurfaced. Intramedullary femoral and extramedullary tibial alignment was used in the conventional TKR group. The fluted intramedullary rod was inserted through an enlarged (9.5 mm) femoral entry hole, in accordance with the manufacturer's instructions. In the computer-assisted group, femoral and tibial alignment was achieved using the VectorVision navigation system (BrainLAB, Heimstetten, Germany). This required the percutaneous insertion of two 3.2 mm threaded pins across the tibial and femoral canals, on which to secure the reflective sphere arrays. No further intramedullary instrumentation was necessary.
Two anaesthetists (CC, KAW), with over 20 years' combined experience in intra-operative transoesophageal ECG, independently reviewed the videotapes of the ECG images obtained during each operation. The observers were blinded as to whether the patient had undergone conventional or computer-assisted surgery. They were asked to score each embolic event using the modified Mayo Clinic grading system for echogenic emboli, 1, 18 which gives a total score of three to nine points depending on the percentage of the atrium filled, the duration of echogenesis and the diameter of the largest particles (Table I) . Each observer was asked to review the videotapes a second time approximately six weeks later.
Before the study it was not known exactly when embolic showers would be seen and what scores each shower would achieve. It quickly became apparent that, although a few small showers were seen intra-operatively, these were insignificant compared with that seen upon release of the tourniquet. The small showers were not related to the type of procedure performed and did not occur at any consistent point during the operation. We did not observe an increase in embolic phenomena in any patient at the time of insertion of the intramedullary femoral rod. The decision was therefore taken to focus our statistical analysis on the scores obtained when the tourniquet was released.
The mean of the four 'tourniquet' scores obtained for each operation was calculated and the data produced were statistically analysed using the two-tailed t-test. Intra-and inter-observer variabilities were assessed using two-way ANOVA and the paired t-test, respectively.
Results
Complete data were recorded for all 26 patients. There were 14 patients (ten male, four female) in the computerassisted TKR group and 12 (four male, eight female) in the conventional TKR group. There was no significant difference between the embolic scores of males or females in either group. The groups did not differ significantly in age, weight or body mass index (Table II) and there was no correlation between any of these parameters and the embolic score. Operation time was significantly longer in the computer-assisted group by a mean of 17 minutes (mean operative time: computer-assisted group 74.1 minutes (60 to 98), conventional group 56.8 minutes (49 to 63)) (p = 0.0003).
Patients undergoing conventional TKR had a mean embolic score of 6.15 (4 to 8) on release of the tourniquet. Those undergoing computer-assisted TKR had a mean embolic score of 4.89 (3 to 7). Comparison of the groups using a twotailed t-test shows a significant difference (p = 0.004; Fig. 1 ).
Intra-observer replication had a variance of 0.2, giving a 95% confidence limit of 0.9 units for a single observation. Analysis of inter-observer variability revealed a significant difference of 0.48 units between our two scores (p = 0.001). In 24 (92%) of the cases, the mean scores produced by the scorers were within one unit of each other.
No emboli larger than 0.5 cm were seen during any of the operations. There were no significant intra-or post-operative complications, including wound infection (superficial or deep), chest infection, pulmonary embolism or deep venous thrombosis. Comparison of mean embolic scores in patients undergoing computerassisted total knee replacement (CA-TKR) against those undergoing conventional total knee replacement (TKR).
Discussion
This study demonstrates that significantly fewer echogenic emboli are released into the cardiovascular system during computer-assisted TKR than in conventional TKR. This supports the recent study by Kalairajah et al, 19 who observed reduced cerebral emboli detected by transcranial Doppler ultrasonography in computer-assisted TKR. Their use of a non-invasive investigation only enabled the detection of emboli that had passed through the pulmonary vasculature or bypassed it via a right-to-left shunt (e.g. patent foramen ovale). The use of the more invasive transoesophageal ECG probe in our study enabled us to confirm that the true systemic embolic load is also significantly reduced.
The insertion of a femoral intramedullary guide was the only invasive procedure performed during the conventional TKR that was not undertaken during the computer-assisted operations. It is therefore reasonable to assume that this was the cause of the increased embolic load. This assumption is supported by the findings of Morawa et al, 5 who observed significantly fewer emboli when using an extramedullary femoral alignment guide. They found a similar but less significant effect when comparing extramedullary and intramedullary techniques of tibial alignment. Markel et al 3 similarly concluded that intramedullary guides increase the generation of debris in dogs.
Takahashi, Kitagawa and Ishii 20 observed moderate to severe embolic events in 80% of patients undergoing instrumented spinal surgery but none in non-instrumented patients, and Duwelius et al, 10 when performing intramedullary nailing on sheep femora, found that the operative manoeuvre associated with the greatest embolic release was opening the intramedullary canal with an awl. This evidence would appear to support the theory that embolic release is directly proportional to the degree of violation of the femoral canal.
In 1995, however, Parmet et al 6 found that there was no significant difference in the number of large venous emboli seen when performing intramedullary-and extramedullaryaligned TKR. In a later study, 4 they stated again that marrow cavity invasion is not correlated to the release of large emboli, but that use of a tourniquet increases the risk fivefold. They were the first to suggest that there were different types of embolus. 21 Small 'miliary' emboli, presumably consisting of elements of marrow, are seen in all TKRs, but may be more likely to occur with intramedullary instrumentation. They suggest that large emboli occur regardless of femoral instrumentation. These are responsible for producing the intense physiological response which may lead to circulatory collapse, and appear to be related to the use of a tourniquet. They suggested that these emboli consist of venous thrombus caused by tourniquet-induced stasis. 6 A further study by Berman et al 1 at the same institution found that the pulmonary vascular resistance index increased after release of the tourniquet only in patients who had echogenic material of at least 0.5 cm in diameter. Blood aspirated from pulmonary artery catheters in these patients was found to contain fresh venous thrombus. It is worth noting that no emboli larger than 0.5 cm in diameter were seen in our study, despite the use of a tourniquet.
The clinical relevance of our study is based on the premise that there is a relationship between echogenic emboli and peri-operative morbidity. In 1997, Lafont et al 22 found no correlation between frequency or size of embolic particles and blood gas and haemodynamic variables (heart rate, arterial blood pressure and central venous pressure) during total hip replacement. The majority of published articles disagree with this finding, however. Christie et al 7 found that pulmonary responses correlated with the severity of embolic phenomena during invasive intramedullary procedures in humans, and Wheelwright et al 8 observed that hypotension and decreased cardiac output were directly related to the magnitude of pulmonary embolism in dogs undergoing bilateral cemented arthroplasty. Kim 2 took blood from the right atrium of patients undergoing TKR and found a significant increase in the number of fat emboli 5 to 10 minutes after insertion of the femoral alignment rod. In 12% of patients undergoing bilateral TKR and 4% of those undergoing unilateral TKR there were also bone marrow cells in the blood samples. These patients had significantly lower arterial oxygen tension and oxygen saturation on the first post-operative day than did those without marrow cells in the samples. This not only provides direct evidence of a measurable clinical response resulting from embolism, but also suggests that embolic content is as important as size. Kim 2 also showed that patients undergoing bilateral TKR have a significantly increased risk of fat and marrow embolism compared with those undergoing unilateral TKR. This finding is supported by Dorr et al, 23 who quote a 12% incidence of fat embolism during bilateral TKR which most often manifests as a change of mental status. They suggest that a sustained fall in oxygen saturations below 90% would be an indication to abort the second knee arthroplasty. Bullock, Sporer and Shirreffs 24 and Oakes and Hanssen 25 also found an increase in cardiovascular and neurological complications following bilateral rather than unilateral TKR. Our finding of a significant reduction in systemic embolic load with the use of computer-assisted TKR would appear to support its use in these potentially high-risk surgical procedures. Similar conclusions could be applied to patients with a patent foramen ovale, which may be as many as 25% of the population according to post-mortem studies. 26 One potential weakness of this study is the quantification of emboli with real-time ultrasound. We have used previously published techniques and methods of assessment, but the true embolic load cannot be accurately quantified with any currently known technique. However, scoring of embolic showers using real-time ultrasound remains the best means of comparative assessment of these phenomena. It is our opinion that the scores obtained are at least proportional to the embolic insult.
Another potential weakness of this study, and all studies quantifying intra-operative cardiac embolic phenomena, is that there are no data on what constitutes a 'safe' embolic load. Although we are able to prove a statistically significant observed decrease in embolic phenomena when using computer-assisted TKR, we cannot prove that this equates to a clinically significant decrease. It is likely that there is considerable inter-individual variation in the embolic threshold, beyond which pathophysiological cardiopulmonary responses develop. It is also likely that this threshold is reduced in the significant proportion of elderly patients undergoing TKR who have reduced cardiopulmonary reserve. Given that Kim 2 has demonstrated that embolic insult can result in measurable pathophysiological responses, we feel that the responsible surgeon should pursue all means to reduce this, provided the surgical outcome is not compromised.
Analysis of the scoring system itself has revealed minimal intra-observer variability. Although there was a statistically significant inter-observer difference, this equated to fewer than 0.5 units per patient. Our figure of 92% agreement or disagreement within one unit between observers exactly matches the figure of Ereth et al, 18 who developed the scoring system.
A further concern with this study is the relatively few patients in each group. A visible difference in the quantity of emboli and the duration of the showers was obvious soon after commencement of the study, however, and statistical significance was reached after ten patients. A further 16 patients were entered into the study to reduce the risk of a type I error but, in view of the increasingly significant difference the study was abandoned and the senior author (GCJ) reverted to performing solely computer-assisted TKR.
As one might expect, this study demonstrated a moderate increase in the operative time when performing computerassisted TKR, as reported in previous studies. 16, 27 We did not encounter any problems associated with this, however, and it is our opinion that this increase is more than compensated for by the improved accuracy, reproducibility and margin of safety provided by this particular surgical technique.
This study demonstrates that computer-assisted TKR results in significantly fewer systemic embolic events than conventional TKR using intramedullary alignment. This is likely to reduce the risk of peri-operative cardiovascular complications and post-operative neurological dysfunction. In the light of recent studies confirming improved accuracy and reproducibility, as well as reduced blood loss, this would appear to add to the growing list of compelling arguments in favour of computer-assisted TKR.
